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the  coating.  Coatings  containing  37  w/o  platinum  did  not  crack  in  the  2100^P 
cyclic  oxidation  tests. 

Chromium  used  as  an  intervening  layer  betweenQ^Hg)  and  the  overlay  coating 
reacted  with  the  substrate  to  form  brittle  phases  which  cracked  during  thermal 
cycling.  The  substitution  of  nickel  for  chromium  as  an  intervening  layer  re¬ 
sulted  in  void  formation  (Kirkendall  porosity)  leading  to  eventual  coating  de¬ 
lamination. 
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SECTION  I. 
INTRODUCTION 


A.  General  Background 

1 .  Requirements 

The  directionally  solidified  eutectic  alloys  as  represented  by  gamma/gamma 
prime  plus  alpha,  y/y'-a  (Ni-31Mo-6. 2A1) ,  and  gamma  prime-alpha,  y'-a  (Ni-18.3 
Mo-16. 6Ta-6. 8A1) ,  are  attractive  advanced  alloys  which  offer  a  93°C  (200°F) 
metal  temperature  advantage  or  a  50  percent  strength  increase  over  the  best  of 
the  current  nickel-based  superalloys.  These  alloys  are  being  developed  for  use 
in  advanced  Naval  aircraft  gas  turbine  engines. 

The  oxidation/ corrosion  characteristics  of  the  directionally  solidified 
eutectics  have  been  studied,  and  coatings  will  be  required  to  protect  the  sub¬ 
strate  alloys  over  a  wide  range  of  temperatures  (Refs.  1  and  2).  Accordingly, 
external  airfoil  surfaces,  internal  cooling  channels,  and  platform  sections 
will  need  to  be  protected.  The  cooler  root  sections  may  or  may  not  require  a 
coating;  the  decision  will  depend  upon  the  final  alloy  composition  (Ref.  3). 

The  goal  of  this  program  is  to  develop  and  evaluate  oxidation  and  hot  cor¬ 
rosion  resistant  coatings  for  directionally  solidified  y/y’-a  and  y'-a.  alloys 
for  use  in  advanced  Naval  aircraft  gas  turbines. 

2 .  Coatirig  Processes 

a.  Reaction  Coatings 

The  earliest  coatings  used  to  extend  the  useful  life  of  gas  turbine  super¬ 
alloys  are  the  "simple"  aluminldes,  which  are  approximately  0.0015  to  0.003  inch 
(1.5  to  3  mils)  thick.  The  aluminide  coatings  can  be  formed  by  applying  alum¬ 
inum  onto  airfoil  surfaces  and  subsequently  heat  treating  at  elevated  tempera¬ 
tures  or  alternatively  by  packing  the  component  in  a  canister  containing  alum¬ 
inum,  an  activator  (usually  a  halide  salt  such  as  ammonium  chloride) ,  and  an 
inert  dispersant  (to  prevent  pack  sintering)  and  again  heat  treating  at  elevated 
temperatures.  In  these  processes  aluminum  reacts  with  and  diffuses  into  the 
superalloy  substrate  to  form  the  coating  which  is  composed  primarily  of  the  in- 
termetallic  phase  NiAl  (or  CoAl)  but  also  contains  all  of  the  substrate  alloy¬ 
ing  elements.  The  elements  which  are  Insoluble  in  the  aluminide  coating  pre¬ 
cipitate,  and  these  precipitated  phases  can  degrade  the  oxidation/hot  corrosion 
performance  of  the  coatings. 
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Molybdenum  Is  highly  insoluble  in  NiAl,  and  its  oxide  which  readily  forms 
at  elevated  temperatures  reacts  with  and  fluxes  the  normally  protective  alumina 
scales  thereby  markedly  increasing  the  oxidation  rate  of  the  coating. 

The  effect  of  alloy  substrate  chemistry  with  respect  to  coating  composi¬ 
tion  can  be  minimized  by  forming  the  coating  by  the  outward  diffusion  of  nickel 
rather  than  the  inward  diffusion  of  aluminum.  This  is  accomplished  by  limiting 
the  activity  of  aluminum  in  the  pac’  usually  by  the  use  of  prealloyed  powders. 
Dimensional  changes  which  are  related  to  the  differences  in  specific  volumes  of 
the  reactive  phases  are  minimal,  as  is  the  case  for  the  coatings  formed  by  in¬ 
ward  diffusion.  The  coatings  formed  by  the  outward  diffusion  of  the  principal 
substrate  component  are  single  phase,  saturated  with  the  matrix  alloying  ele¬ 
ments.  A  major  difficulty  of  the  coating,  however,  is  the  tendency  towards  the 
formation  of  pores  or  holes  which  will  accumulate  at  ar  near  the  coating-sub¬ 
strate  interface;  the  formation  of  these  defects  are  related  to  the  well  known 
Kirkendall  effect. 

The  addition  of  precious  metals  such  as  platinum,  palladium,  or  rhodium  to 
the  aluminide  coatings  have  resulted  in  increased  oxidation/ corrosion  resistance 
although  the  mechanism  by  which  the  improvement  occurs  is  not  fully  understood. 

It  is  believed  that  these  precious  metal  additions  increase  the  adherence  of  the 
protective  alumina  scale  which  forms  during  service.  However,  as  previously  dis¬ 
cussed,  the  relatively  uniform  distribution  of  the  corrosion  prone,  insoluble, 
refractory  metal-precipitated  phases  tends  to  negate  any  beneficial  effect  of 
the  precious  metal  alloy  addition. 

b.  Overlay  Coatings 

"Overlay"  is  the  general  term  used  to  describe  coatings  whose  initial  com¬ 
position  is  Independent  of  substrate  chemistry. 

In  the  physical  vapor  deposition  (PVD)  processes  the  part  to  be  coated  is 
exposed  to  the  metallic  vapors  generated  by  the  electron  beam  heating  of  an  in¬ 
got  of  the  desired  composition.  The  process  is  conducted  in  a  vacuum  chamber. 

An  alternate  process  involves  sputtering  where  the  atoms  of  a  selected  target 
are  accelerated  to  the  surface  of  the  part  to  be  coated. 

Conventional  or  RF  diode  sputtering  transfers  material  from  a  liquid  (evap¬ 
oration)  or  solid  (sublimation)  state  source.  In  the  triode  sputtering  system 
also  used  in  this  study,  a  tungsten  wire,  heated  to  a  sufficiently  high  tempera¬ 
ture,  thermionically  emits  electrons.  These  electrons  are  weakly  accelerated  to 
the  opposite  anode  by  a  small  positive  potential  difference  potential.  In 
transit  through  the  atmosphere  between  the  tungsten  wire  filament  and  the  posi¬ 
tive  anode,  a  percentage  of  the  electrons  collide  with  some  of  the  argon  atoms 
yielding  two  electrons  from  the  original  atom  plus  one  electron.  The  argon  ions 
near  the  target  (the  coating  material  source)  are  accelerated  toward  it  by  an  im¬ 
pressed  negative  potential.  Such  argon  ions  Impact  the  target  surface,  and  a 
percentage  of  them  eject  atoms  from  the  target.  These  ejected  target  atoms  tra¬ 
verse  the  open  region,  condensing  onto  the  substrate  to  form  a  coating. 
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The  dc  triode  sputtering  system  is  used  primarily  to  effect  advanced  oxida¬ 
tion-hot  corrosion  resistant  and  wear  resistant  coatings.  Multi-element  coat¬ 
ings  are  deposited  at  controlled  rates  from  alloy  targets  onto  heated  rotating 
substrates.  Complex  alloy  systems,  including  10  element  compositions,  have  been 
successfully  deposited  by  such  sputtering. 

3.  Problem  and  Approach 

The  major  problem  encountered  in  the  coating  of  the  directionally  solidified 
eutectic  alloys  are  related  to: 

•  coating-substrate  interdiffusion  and 

•  thermomechanical  coating-substrate  interactions. 

During  cyclic  exposure  the  current  family  of  protective  overlay  MCrAlY,  M  =  Co 
and/or  Ni,  coatings  tend  to  crack,  due  to  the  stresses  which  develop  as  a  re¬ 
sult  of  the  differences  in  coefficients  of  thermal  expansion  between  the  sub¬ 
strate  and  the  coating.  Moreover,  the  mechanical  properties  of  directionally 
solidified  eutectic  alloys  in  large  part  derive  from  their  aligned  microstruc¬ 
tures  (Ref.  1,  2,  and  4).  However,  protective  coating-eutectic  substrate  inter- 
dif fusion  effects  can  markedly  alter  such  eutectic  microstructures,  thereby 
adversely  affecting  mechanical  properties  (Ref.  4). 

In  the  previous  study  it  was  shown  that  although  the  coefficient  of  thermal 
expansion  of  the  beta  phase  (NiAl)  closely  matches  that  of  the  directionally 
solidified  eutectic  alloys,  Tables  I  and  II,  the  coating  is  not  diffusionally 
stable  and,  during  prolonged  exposures  at  elevated  temperatures,  diffuses  into  the 
substrate  (Ref.  5).  Although  chromium  additions  to  the  coatings  did  reduce  the 
tendency  of  the  overlay  coatings  to  crack,  it  was  concluded  that  the  chromium 
content  of  the  coating  cannot  be  sufficiently  increased  to  obtain  both  low  temp¬ 
erature  crack  free  coatings  and  high  temperature  dif fusional  stability.  The  ap¬ 
proach  that  was  shown  to  be  most  promising  was  that  of  increasing  the  strain 
capacity  of  the  coating,  which  is  accomplished  by  the  addition  of  platinum. 
Platinum  also  reduces  the  average  coefficient  of  thermal  expansion  of  the  coat¬ 
ing.  Therefore,  an  objective  of  this  study  is  to  demonstrate  that  in  dynamic 
burner  rig  tests  the  platinum  modified  NiCoCrAlY  coating  will  protect  the  y/y'-ot 
substrate  during  high  temperature  oxidation  and  hot  corrosion  tests. 

The  family  of  directionally  solidified  eutectic  alloys  as  represented  by 
y'-ot  are  anticipated  to  be  more  difficult  to  protect  since  the  gamma  phase  is 
removed  from  the  alloy.  The  difficulties  anticipated  are  based  not  only  on  com¬ 
positional  changes,  but  thermomechanical  differences  since  the  deletion  of  the 
gamma  phase  would  tend  to  further  reduce  the  average  coefficient  of  thermal  ex¬ 
pansion  of  the  alloy.  For  example,  in  the  temperature  range  100-1000°C,  the 
average  coefficient  of  thermal  expansion  for  NijAl  (y1)  is  13.4°C-1  while  that 
for  gamma  (y)  is  17.1°C-*  (Ref.  6).  Thus  in  this  study  the  approach  taken  for 
the  development  of  the  platinum  modified  NiCoCrAlY  coating  (for  y/y'-a)  will  be 
applied  toward  the  y’-a  alloys  with  emphasis  directed  towards  improved  strain 
capacity  and  the  use  of  diffusion  barriers. 
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SECTION  II 


EXPERIMENTAL  PROCEDURES 


A.  Eutectic  Substrate  Preparation 

The  alloys  employed  in  this  study  consisted  of  the  gamma/gamma  prime  plus 
alpha  alloy  of  the  nominal  composition  Ni-33  w/o  Mo-5.5  w/o  A1  and  the  gamma 
prime-alpha  alloy  of  the  nominal  composition  Ni-18.3  w/o  Mo  16.6  w/o  Ta  6.8  w/o 
Al.  All  specimens  were  fabricated  from  lV  diameter  bars  directionally  solidif¬ 
ied  at  a  rate  of  1.5cm/hour.  No  cellular  microstructural  features  were  observed 
in  any  of  the  longitudinal  stripes  polished  into  the  prepared  ingots.  The  as 
processed  bars  were  used  in  the  burner  rig  tests,  and  laboratory  specimens  ap¬ 
proximately  0.2cm  thick  were  cut  and  polished  to  600  grit  SiC  for  all  static 
tests. 

B.  Coating  Deposition 

The  burner  rig  test  specimens  were  coated  with  a  platinum-modified  NiCoCrAlY 
composition  previously  identified  for  this  study,  i.e.,  the  platinum  content  of 
the  modified  NiCoCrAlY  was  at  least  15  wt.%  (Ref.  5)  .  Prior  to  coating,  all 
specimens  were  cleaned  as  follows: 

1.  a  light  blast  of  Novaculite  200  ('40  psi  at  6"), 

2.  a  chlorinated  abrasive  scrub  with  hot  water, 

3.  a  cold  water  wash/rinse, 

4.  an  ethanol  rinse, 

5.  dry  with  an  argon  blast. 

The  coatings  were  applied  in  triode  sputtering  system.  Based  on  standardiza¬ 
tion  runs,  time  was  used  to  control  deposit  thickness.  A  supplemental  target 
was  co-sputtered  with  the  main  target  in  order  to  add  platinum  to  the  coating. 

The  rate  of  platinum  deposition  was  controlled  by  the  voltage  impressed  on  the 
supplemental  target.  In  all  of  the  sputtering  processes  the  specimens  were 
slowly  rotated  (2  RPM)  during  the  coating  process  to  insure  an  even  deposit. 

The  laboratory  test  specimens  were  primarily  coated  using  the  RF  diode 
sputtering  apparatus,  although  some  specimens  were  coated  in  the  triode  system. 
The  choice  of  systems  depended  upon  availability. 

The  cleaning  procedure  was  used  in  RF  sputtering  was  analogous  to  that  used 
in  the  triode  system,  differing  only  in  the  substitution  of  trichloroethylene 
for  the  Novaculite  200  (Step  1),  a  methanol  rinse  for  an  ethanol  rinse  (Step  4), 
and  a  nitrogen  blast  rather  than  an  argon  blase  (Step  3).  For  support  a  30  mil 
diameter  platinum  wire  was  attached  to  the  substrate  by  tack  welding.  The  power 
used  for  this  welding  was  approximately  95  watt-seconds.  The  vacuum  systems 
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were  all  pumped  down  into  the  low  10" ^  torr  range  prior  to  deposition.  After 
deposition  all  specimens  were  heated  for  four  hours  at  1975°F  (1079°C)  in  flow¬ 
ing  argon.  Compositions  of  sputtered  deposits  were  determined  by  electron  micro¬ 
probe  techniques. 

C.  Oxidation/Hot  Corrosion  Testing 

1.  Dynamic  Burner_Rig_S^udies 

The  conventional  Mach  0.3  burner  rig  was  used  to  determine  the  oxidation/ 
hot  corrosion  behavior  of  the  NiCoCrAlY-coated  gamma/gamma  prime  plus  alpha 
(y/y'-oi)  specimens.  The  fuel  in  all  tests  was  Jet  A.  The  specimen  temperatures 
were  measured  directly  with  a  Leeds  and  Northup  optical  pyrometer  Model  No.  8622 
and  indirectly  by  thermocouples  sensing  the  hot  gas  stream  near  the  test  speci¬ 
mens.  In  all  tests  the  specimens  are  rotated  in  a  carousel  at  1750  RPM.  A  hot 
corrosion  environment  is  established  by  the  introduction  of  the  standard  aqueous 
synthetic  sea  salt  solution  into  the  burner  near  the  swirler  plate.  The  concen¬ 
tration  of  the  salt  in  the  environment  was  10  ppm. 

2 .  Labor  a r  o ry_Exper linen b  s 

In  the  cyclic  laboratory  oxidation  tests,  the  specimens  are  exposed  at 
2100°F  (1150°C)  for  55  minutes  then  cooled  to  room  temperature  for  5  minutes. 

The  time  required  for  the  specimens  to  go  from  2100°F  to  about  210°F  (100°C) 
is  approximately  15  seconds. 

The  cyclic  hot  corrosion  test  consisted  of  exposing  the  1  mg/cm^  Na2S04 
coated  specimens  for  55  minutes  at  900°C  and  5  minutes  at  200°C.  In  general, 
it  took  about  1  minute  for  the  hot  specimen  to  cool  to  the  ambient  temperature. 
The  hot  corrosion  environment  was  continuously  maintained  by  recoating  the  spec¬ 
imens  every  24  hours  with  a  fresh  application  of  sodium  sulfate. 

D.  Thermal  Expansion  Experiments 


A  Theta  II  Research  dilatometer  was  used  in  conjunction  with  an  NBS 
platinum  standard  to  provide  the  thermal  expansion  data  which  was  performed  in 
an  argon  atmosphere  in  the  temperature  range  from  room  temperature  to  1300°C. 
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SECTION  III 

RESULTS  AND  DISCUSSION 


A.  Dynamic  Burner  Rig  Studies 

The  platinum  modified  overlay  coating  which  was  previously  identified  for 
this  study  contained  a  minimum  of  15  weight  percent  of  the  precious  metal.  All 
of  the  coatings  applied  by  the  sputtering  technique  previously  described  were 
characterized  by  quantitatively  chemically  analyzing  test  coupons  and  also  by 
determining  the  chemical  composition  of  the  coating  during  routine  electron  micro¬ 
probe  studies.  The  nominal  composition  of  the  platinum  modified  NiCoCrAlY  coat¬ 
ing  is  as  follows:  43.3  w/o  Ni#  13.8  w/o  Cot  15.8  w/o  Cr  9.2  w/o  Alt  16.9  w/o  Pt, 
and  0.1  w/o  Y  (Ref.  7).  The  average  coating  thickness  is  five  (5)  mils. 

In  the  dynamic  burner  rig  tests  the  platinum  modified  NiCoCrAlY  coating 
quickly  formed  an  adherent  oxide  layer  which  effectively  separates  the  hostile 
oxidizing  environment  from  the  coating  substrate.  In  all  of  the  one  hundred 
hour  tests,  the  weight  changes  were  for  all  practical  purposes  negligible,  in 
agreement  with  the  metallographic  studies  which  are  summarized  in  Figures  1,  2, 
and  3t  cf.  Section  II  Cl. 

The  microstructure  of  the  as  received  coating  consists  of  an  inner  diffusion 
layer,  approximately  1  mil  thick,  which  is  formed  during  the  4  hour  1975°F  dif¬ 
fusion  heat  treatment.  Even  after  100  hours  exposure  at  1650°F,  no  apparent 
growth  of  either  the  outward  Pt  modified  NiCoCrAlY  coating  or  the  diffusion 
layer  are  observed.  Figure  1.  Moreover,  the  thickness  of  the  adherent  oxide 
scale  is  too  small  to  resolve  by  common  optical  (light)  metallography.  Lastly, 
it  should  be  noted  that  the  original  coating  interface  is  inadvertantly  defined 
by  the  presence  of  inert  oxide  particles,  which  were  not  removed  during  the  clean¬ 
ing  process  and  were  trapped  during  coating.  The  thickness  of  the  diffusion 
zone  is  approximately  one  mil,  and  the  molybdenum  associated  with  this  volume  of 
matrix  is  in  solution  within  the  coating;  the  majority  partitioning  to  the  ter¬ 
minal  solid  solution  phase  since  molybdenum  is  relatively  insoluble  in  the  beta 
phase. 

At  1800°F  the  results  are  for  all  practical  purposes  identical  to  those 
reported  for  the  1650°F  tests,  in  that  no  morphological  changes  were  observed 
with  respect  to  either  the  coating  or  the  matrix.  Figure  2.  Even  after  100  hours, 
no  significant  weight  changes  were  noted. 

At  2100°F  the  platinum  modified  NiCoCrAlY  again  formed  an  adherent  protec¬ 
tive  oxide  scale,  and  although  the  weight  changes  were  minimal,  significant  in- 
terdiffusional  effects  were  noted.  The  microstructure  of  the  coating  after  100 
test  hours  is  shown  in  Figure  3.  The  coating  has  increased  in  thickness  approx¬ 
imately  two  fold,  with  both  nickel  and  molybdenum  diffusing  from  the  substrate 


6 


R79-914424-4 


into  the  coating.  The  composition  of  the  phases  in  the  coating  and  in  the  alloy  * 
affected  zone  are  shown  in  Figure  4.  The  molybdenum  content  of  the  solid  solu¬ 
tion  phase  is  approximately  15  v/o,  and  approximately  6  w/o  in  the  aluminum  rich 
phase.  It  is  also  noted  that  the  platinum  is  partioned  to  the  aluminum  rich 
phase,  12  w/o  as  compared  to  8  w/o  in  the  matrix  phase.  Lastly,  the  distribution 
of  aluminum,  platinum,  and  molybdenum  within  the  coating  are  shown  in  the  x-ray 
maps  also  presented  in  Figure  4.  It  can  be  seen  that  platinum  is  diffusing  into 
the  eutectic  alloy  substrate,  and  molybdenum  is  entering  the  coating.  The  high 
concentration  of  aluminum  at  the  coating  surface  is  due  to  the  alumina  scale  that 
protects  the  alloy. 

The  addition  of  ten  parts  per  million  of  sea  salt  to  the  burner  environ¬ 
ment  resulted  in  the  deposition  of  salt  onto  the  test  specimens.  In  general,  the 
butt  section,  the  end  held  in  the  burner  carousel,  is  uncoated.  Thusly  due  to 
the  very  rapid  rates  of  oxidation  associated  with  the  sulfidation  attack  that 
occurred  in  this  cooler  region,  weight  change  measurements  were  meaningless. 

The  microstructure  associated  with  hot  corrosion  tests  for  the  specimens 
exposed  at  1650°F  and  1800°F  are  shown  in  Figures  5  and  6,  respectively.  In 
both  figures  it  is  apparent  that  no  hot  corrosion  has  occurred  and  that  metallo- 
graphically  the  coatings  are  identical  in  morphology  to  those  exposed  to  the 
salt  free  environment  as  would  be  expected  as  long  as  the  coating  remained  in¬ 
tact.  At  2100°F,  due  to  sulfidation  attack  of  the  uncoated  butt  section  and  the 
thinly  coated  tip  section,  catastrophic  corrosion  via  the  well-described  "cut 
edge"  effect  occurred,  resulting  in  catastrophic  attack  of  the  coating  (Ref.  80. 
The  "cut  edge"  effect  involves  preferential  attack  at  the  coating-substrate- 
condensed  salt  interface  and  is  caused  by  molten  metal  sulfides  present  there 
(Ref.  8). 

B.  Laboratory  Tests 

It  was  anticipated  that  the  average  coefficient  of  thermal  expansion  of  the 
y'-a  alloys  would  be  less  than  that  for  the  y/y'-a  alloys  because  the  former 
does  not  contain  gamma,  the  phase  with  the  larger  coefficient  of  thermal  expansion. 
The  measured  longitudinal  thermal  expansion  coefficients  for  the  y'-a  alloy  in 
the  temperature  range  from  100  to  1000°C  are  presented  in  Table  III  along  with 
those  of  the  y/y'-a  alloy.  Although  as  shown  in  Table  III,  the  average  values 
are  quite  close,  the  overall  value  for  y'-a  is  less  than  that  for  y/y'-a  and 
this  difference  could  influence  coating  performance. 

In  the  prior  study  it  was  established  that  platinum-modified  MCrAlY  com¬ 
positions  produced  adherent  coatings,  and  in  the  current  study  it  was  established 
that  the  overlay  coating  containing  at  least  15  w/o  Pt  did  not  crack  in  burner 
rig  tests.  In  the  current  laboratory  tests,  18  w/o  Pt  was  added  to  the  basic 
NiCoCrAlY  (Ni-23Co-18Cr-12Al-0. 5Y)  coating  which  was  applied  onto  y'-a  substrates 
and  tested  under  cyclic  conditions  at  1650°F  (sulfidation)  and  2100°F  (oxidation) 
cf.  Section  II  C2.  The  coating  cracked  along  longitudinal  substrate  surfaces 
(Figure  7);  however,  no  cracks  were  observed  on  transverse  surfaces.  Similar 
behavior  was  observed  for  specimens  cyclically  tested  (300  cycles)  at  2100°F, 
Figure  8. 
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Based  upon  our  previous  experience  the  addition  of  platinum  Increases  both 
the  strain  capacity  of  the  coating  as  well  as  reduces  the  average  coefficient  of 
thermal  expansion,  the  concentration  of  platinum  in  the  base  line  NiCoCrAlY 
coating  was  increased  from  18  to  37  w/o.  As  shown  in  Figure  9  both  at  1650°F  and 
2100“F,  the  coating  did  not  crack  during  the  thermal  cycling,  but  at  the  higher 
temperature  did  diffuse  into  the  substrate.  The  depth  of  diffusion  at  2100°F 
was  for  all  practical  purposes  identical  to  that  observed  for  the  y/y'-a  alloys. 

The  use  of  chromium  and  nickel  to  form  an  intervening  layer  between  the 
overlay  coating  and  the  substrate  was  also  investigated.  Thick  (0.4  mil)  and 
thin  (0.2  mil)  chromium  layers  were  applied  onto  the  y'-ct  substrate,  and  the 
treated  substrate  was  then  covered  with  37  w/o  Pt-modified  NiCoCrAlY  overlay 
coating.  The  coating  formed  on  the  y'-a  matrix  is  shown  in  Figure  10.  Upon 
heat  treatment  (4  hours,  1975°F  argon  atmosphere)  the  coating  cracked,  Figure  11; 
the  cracks  apparently  originating  at  the  chromium  eutectic  alloy  interface. 

Based  upon  metallographic  studies  it  is  hypothesized  that  the  chromium  reacted 
with  and  modified  the  alpha  molybdenum  phase  which  contributed  to  the  coating 
instability. 

When  the  chromium  was  replaced  with  nickel,  the  coatings  did  not  crack  dur¬ 
ing  the  standard  4  hour-1975°F  (argon  atmosphere)  diffusion  heat  treatment  step. 
However,  the  nickel  preferentially  diffused  into  the  matrix.  The  preferential 
diffusion  of  nickel  into  the  matrix  results  in  the  formation  of  vacancies  which 
tend  to  coalesce  at  the  coating-substrate  interface  as  shown  in  Figure  12.  Dur¬ 
ing  1650°F  sulfidation  tests  and  during  2100°F  oxidation  tests,  the  coating 
would  then  fail  by  delamination  caused  by  void  accumulation  at  this  interface. 

In  the  sulfidation  tests  the  coating  was  attacked  by  a  "cut  edge"  effect  as 
shown  in  Figure  13  in  which  the  fused  salt  reacts  with  the  substrate  and  simul¬ 
taneously  with  the  coating  at  the  substrate-coating  interface.  Such  "cut  edge" 
attack  is  a  normal  mode  of  hot  corrosion  propagation  once  the  protective  coating 
has  been  penetrated  and  does  not  necessarily  imply  inadequate  coating  processing 
in  such  a  location  (Ref.  8). 
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SECTION  IV 

CONCLUSIONS 


•  The  addition  of  platinum  to  the  NiCoCrAlY  system  increases  the  strain  capa¬ 
city  of  the  coating  and  reduces  the  average  coefficient  of  thermal  expansion  of 
the  coating. 

•  A  minimum  of  approximately  17  w/o  platinum  to  the  NiCoCrAlY  system  (Ni-13.8 
w/oCo-15. 8w/oCr-8. 2w/oAl-16. 9w/oPt-0. lw/oY)  is  sufficient  to  produce  overlay 
coatings  capable  of  protecting  the  directionally  solidified  eutectic  alloy  y/y'-a 
(Ni-31Mo-6. 2A1) ,  during  cyclic  oxidation  and  sulfidation  tests  and  burner  rig 
tests  without  forming  cracks. 

•  In  burner  rig  testing  involving  hot  corrosion  conditions  at  2100°F,  the 
platinum-modified  overlay  coating  on  y/y’-a  failed  due  to  preferential  oxida¬ 
tion/hot  corrosion  of  the  substrate  alloy;  the  primary  mode  of  failure  was  "cut 
edge"  attack. 

•  The  average  coefficient  of  thermal  expansion  of  the  y'-a  alloy  (Ni-18.3Mo- 
16.6Ta-6.8Al)  in  the  temperature  range  100  to  1000°C  is  11.0  x  10"r6C_1  along 
longitudinal  directions  while  that  for  the  y/y'-a  alloy  is  11.4  x  10-6C-1. 

•  The  addition  of  18  w/o  platinum  to  the  NiCoCrAlY  coating  did  not  prevent 
crack  formation  from  occurring  on  the  overlay-coated  y'-a  alloy. 

.  Overlay  coatings  containing  37  w/o  platinum  on  y'-a  substrates  did  not  crack 
during  cyclic  2100°F  oxidation  tests  or  the  1650°F  sulfidation  tests. 

•  Chromium  used  as  an  intervening  lyaer  between  y'-a  substrate  and  the  over¬ 
lay  coating  reacts  with  the  substrate,  modifying  the  molybdenum  rich  phase  and 
forming  phases  which  cracked  during  thermal  cycling. 

•  The  substitution  of  nickel  as  an  intervening  layer  for  chromium  resulted  in 
the  formation  of  a  zone  of  voids,  the  Kirkendall  porosity  occurring  as  a  result 
of  preferential  diffusion  of  nickel  into  the  substrate. 

•  In  general  in  this  study  it  was  shown  that  platinum  reduces  the  average 
coefficient  of  thermal  expansion  of  overlay  coatings  and  also  increases  the 
strain  capacity  of  the  coating.  The  concentration  of  platinum  necessary  to  en¬ 
sure  coating-substrate  compatibility  is  dependent  upon  substrate  chemistry. 

Thus  if  a  composition  of  either  y/y'-a  or  y'-a  is  selected  for  further  evalua¬ 
tion  as  a  potential  high  temperature  structural  material,  then  further  work  may 
be  necessary  to  optimize  the  coating  composition  to  such  an  alloy. 
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*  Although  platinum-modified  NiCoCrAlY  coatings  have  been  successfully  tested 
on  y/y'-a  and  y'-a  substrates,  platinum  is  becoming  increasingly  more  expensive. 
Thus  an  economic  Incentive  exists  to  find  an  alternative  coating  formulation 
for  the  y/y'-a  and  y'-o  alloys. 
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TABLE  I 

Average  Coefficient  of  Thermal  Expansion 
for  y/y'-a  as  a  Function  of  Temperature 

(Ni-31.5Mo-6.2Al) 

Transverse  Longitudinal  Diagonal  (45°) 

°C  Average  Average  Average 
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TABLE  II 

Average  Coefficient  of  Thermal  Expansion 


Temperature 

Interval  Substrate 


°c 

Ni3A!* 

NiAl* 

CoCrAlY* 
(expressed  in 

NiCoCrAlY 
units  of  10-6oC_1) 

NiCoCrAlY+Pt 

100  -  200 

11.3 

11.7 

10.7 

10.5 

9.3 

200  -  300 

12.2 

12.8 

12.0 

12.4 

11.2 

300  -  400 

12.9 

13.2 

12.6 

13.1 

11.8 

400  -  500 

13.3 

13.6 

13.2 

14.0 

12.4 

500  -  600 

13.7 

13.9 

13.5 

14.5 

13.0 

600  -  700 

14.0 

14.0 

14.2 

15.4 

13.6 

700  -  800 

14.3 

14.0 

14.8 

16.3 

14.4 

800  -  900 

14.5 

14.1 

15.5 

17.5 

15.5 

900  -  1000 

14.8 

14.5 

16.1 

18.1 

16.7 

1000  -  1100 

15.3 

14.4 

17.4 

18.6 

17.5 

1100  -  1200 

15.8 

14.4 

— 

— 

— 

Mean  Value 

Over  Temperature  Range  Measured: 

13.8 

13.7 

14.0 

15.1 

13.5 

*  Averaged  values  for 

multiple  data. 
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TABLE  III 

Average  Coefficients  of  Thermal  Expansion  for  the 
Longitudinal  Eutectic  Direction  as  a  Function  of  Temperature 


Y'/y-a 

(Ni-31.5Mo-6.2Al) 


<1<T6  °c-1) 


Y  -a 

(Ni-18.3Mo-16.6Ta-6.8Al) 
(10“6  °C-1) 


100  -  200 

8.2 

9.8 

200  -  300 

9.6 

10.0 

300  -  400 

10.5 

10.4 

400  -  500 

11.3 

10.8 

500  -  600 

11.4 

10.9 

600  -  700 

11.6 

11.0 

700  -  800 

12.3 

11.4 

800  -  900 

13.0 

12.1 

900  -  1000 

14.5 

13.8 

Mean  Value 

11.4 

11.0 

(100-1000°C) 
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DYNAMIC  BURNER  RIG  STUDIES 
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OXIDATION  STUDIES 


TYPICAL  MICROSTRUCTURE  OF  Pt  -  MODIFIED  OVERLAY 
COATING  ON  GAMMA-GAMMA  PRIME  PLUS  ALPHA  SUBSTRATE 
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ELECTRON  MICROBEAM  STUDIES  OF  PLATINUM-MODIFIED  OVERLAY  COATING 
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CYCLIC  OXIDATION  STUDIES  OF  PLATINUM-MODIFIED 
OVERLAY  COATINGS  ON  GAMMA  PRIME-ALPHA 

300  CYCLES  (1  HOUR/CYCLE) 


LONGITUDINAL  SURFACE 


CYCLIC  STUDIES  OF  37  Wt%  PLATINUM-MODIFIED 
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